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(57) ABSTRACT

A system and method for fabricating large composite Tuse-
lages or other vehicle structures, 1n which the composite
structure 1s fabricated and cured as on a tool, segmented and
removed from the tool without disassembling the tool, and

then reassembled off the tool to reform the large structure.
The tool includes mandrel segments attached to a substruc-
ture. The attachments may be moveable to accommodate
differential expansion and contraction during curing, and the
tool may be rotatable to facilitate access. A composite
material of resin and synthetic fibers 1s applied over the
mandrel segments to fabricate the structure on the tool. Caul
plates are secured over the composite material, and the
composite material 1s cured on the tool. The resulting
structure 1s cut into part segments which are then removed
from the tool, and the part segments are joined to reassemble
the large composite structure off the tool.
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SYSTEM AND METHOD FOR FABRICATING
AND CURING LARGE COMPOSITE
STRUCTURES

RELATED APPLICATION D

The present U.S. non-provisional patent application 1s a
continuation-in-part and claims priority benefit of a prior-

filed U.S. non-provisional patent application having the
same title, Ser. No. 16/525,772, filed Jul. 30, 2019. The !

entire content of the identified prior-filed application 1is
hereby incorporated by reference as if fully set forth herein.

FIELD

15

The present mnvention relates to systems and methods for
fabricating and curing large composite structures, and more
particularly, embodiments concerns a system and method for
tabricating and curing large composite aircraft, acrospace, or
other vehicle fuselages, bodies, or other part structures. 20

BACKGROUND

The fabrication and curing of large composite structures,
such as aircraft fuselages, 1s a complex process involving 25
tools which physically support the composite materials until
the composite materials are at least partially cured. One
solution 1s to fabricate and cure a plurality of independent
part segments on different supportive tools, and then
assemble the part segments to form the structure. However, 30
this method suflers from several problems and limitations,
including that the independent fabrication of the parts
requires either that the parts be fabricated and cured one at
a time, which 1s inethicient, or that multiple fabrication
machines be provided and maintained, which 1s costly. 35

Another solution 1s to fabricate such a structure as a single
piece on a large tool and then disassemble and remove the
tool from within the fabricated and cured structure. How-
ever, this method also suflers from several problems and
limitations, including that the tool must be designed to be 40
disassembled 1nto sufliciently small subcomponents so as to
be removable through whatever opening remains in the
tabricated and cured structure. Further, the processes of
assembling and disassembling so many small tool subcom-
ponents 1s time-consuming and ineflicient. 45

This background discussion 1s intended to provide infor-
mation related to the present invention which 1s not neces-
sarily prior art.

SUMMARY 50

Embodiments address the above-described problems and
limitations in the prior art by providing a system and method
for fabricating and curing large composite aircrait, aero-
space, or other vehicle fuselages, bodies, or other part 55
structures, wherein the composite part 1s at least partially
tabricated and cured on a tool, cut or otherwise segmented
to facilitate removing 1t from the tool, removed from the tool
without disassembling the tool, and then reassembled ofl the
tool to reform the large composite part. 60

In a first embodiment, a system 1s provided for fabricating
and curing a large composite part. The system may 1nclude
a tool, an automated fiber placement machine, a curing
mechanism, a cured material cutting mechanism, and a
reassembly mechanism. The tool may be configured to 65
support the large composite structure during the fabrication
and curing processes, and may include a substructure and

2

one or more mandrel segments removably attached to the
substructure and providing a surface on which the large
composite part may be fabricated. The automated fiber
placement machine may be configured to apply composite
material comprising resin and synthetic fibers onto the
mandrel segments to fabricate the large composite part as a
single piece on the tool. The curing mechanism may be
configured to cure the composite material on the mandrel
segments to cure the large composite part on the tool. The
cured material cutting mechanism may be configured to cut
the large composite part on the tool into a plurality of
trimmed part segments which may then be removed from the
tool without disassembling the tool. The reassembly mecha-
nism may be configured to join the plurality of trimmed part
segments to reassemble the large composite part off the tool.

In various implementations, the first embodiment may
include any one or more of the following additional features.
The tool may include a plurality of the mandrel segments,
and the system may further include an uncured material
cutting mechanism configured to cut the large composite
part on the tool 1nto a plurality of untrimmed part segments
prior to the curing process. The large composite structure
may be an aircrait fuselage which has a length of at least five
meters. The substructure may be constructed of a first
material having a first coeflicient of thermal expansion and
the mandrel segments may be constructed of a second
material having a second coeflicient of thermal expansion
which 1s lower than the first coeflicient of thermal expan-
sion, and the mandrel segments may be fixedly attached to
the substructure at at least one location and movably
attached to the substructure at at least one other location. The
mandrel segments may include structure features configured
to create corresponding structure components in the large
composite part. The mandrel segments may include grooves
configured to accommodate the cutting mechamism when
cutting the large composite part into the trimmed part
segments. The mandrel segments may include joining fea-
tures configured to create corresponding joining components
in the trimmed part segments which facilitate joining the
trimmed part segments to reassemble the large composite
part. The curing mechanism may include an autoclave, the
cured material cutting mechanism may include a cutting
disc, and the reassembly mechanism may include a fastener
ogun. The system may further include a center hub extending
through a longitudinal axis of the substructure, a first inter-
face element coupled with a first end of the center hub and
a second interface element coupled with a second end of the
center hub, and a rotation mechanism coupled with the
interface elements and configured to allow the tool to be
rotated about the longitudinal axis. The system may further
include one or more caul plates configured to be secured
over the composite material on the mandrel segments prior
to curing the composite material.

In a second embodiment, a method 1s provided for fab-
ricating and curing a large composite part. The method may
include the following steps. The large composite structure
may be supported with a tool during the fabrication and
curing processes, and the tool may include a substructure
and one or more mandrel segments removably attached to
the substructure and providing a surface on which the large
composite part may be fabricated. A composite material
comprising resin and synthetic fibers may be applied onto
the mandrel segments with an automated fiber placement
machine to fabricate the large composite part as a single
piece on the tool. The composite material may be cured on
the mandrel segments with a curing mechanism to cure the
large composite part on the tool. The large composite part
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may be cut on the tool with a cured matenial cutting
mechanism 1nto a plurality of trimmed part segments which

may then be removed from the tool without disassembling
the tool. The plurality of trimmed part segments may be
reassembled with a reassembly mechanism to reassemble
the large composite part off the tool.

In various implementations, the second embodiment may
include any one or more of the following features. The tool
may include a plurality of the mandrel segments, and the
method may further include cutting with an uncured material
cutting mechanism the large composite part on the tool mnto
a plurality of untrimmed part segments prior to the curing
process. The large composite structure may be an aircraft
fuselage which has a length of at least five meters. The
substructure may be constructed of a first material having a
first coethicient of thermal expansion and the mandrel seg-
ments may be constructed of a second material having a
second coellicient of thermal expansion which 1s lower than
the first coeflicient of thermal expansion, and the mandrel
segments may be fixedly attached to the substructure at at
least one location and movably attached to the substructure
at at least one other location. The mandrel segments may
include structure features configured to create corresponding
structure components in the large composite part. The man-
drel segments may include grooves configured to accom-
modate the cured material cutting mechamism when cutting
the large composite part into the trimmed part segments. The
mandrel segments may include joining features configured
to create corresponding joining components in the plurality
of trimmed part segments which {facilitate joining the
trimmed part segments to reassemble the large composite
part. The curing mechanism may include an autoclave, the
cured material cutting mechanism may include a cutting
disc, and the reassembly mechanism may include a fastener
ogun. The method may further include a center hub extending
through a longitudinal axis of the substructure, a first inter-
face element coupled with a first end of the center hub and
a second 1nterface element coupled with a second end of the
center hub, and a rotation mechanism coupled with the
interface elements and configured to allow the tool to be
rotated about the longitudinal axis. The method may further
include securing one or more caul plates over the composite
material on the mandrel segments prior to curing the com-
posite materal.

This summary 1s not intended to 1dentily essential features
of the present invention, and is not itended to be used to
limit the scope of the claims. These and other aspects of the
present mvention are described below 1n greater detail.

DRAWINGS

Embodiments of the present invention are described in
detail below with reference to the attached drawing figures,
wherein:

FIG. 1 1s a depiction of an embodiment of a system
engaged 1n a process of at least partially fabricating and
curing a large composite structure;

FIG. 2 1s an exploded perspective view of certain com-
ponents of the system of FIG. 1;

FIG. 3 1s an exploded perspective view of certain com-
ponents ol a tool component of the system of FIG. 1;

FIG. 4 1s a perspective view of the tool component
mounted on rotating support mechanisms and guided vehicle
components of the system of FIG. 1;

FIG. 5 1s a fragmentary perspective view of the rotating
support components rotating and/or lifting the tool compo-
nent;
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FIG. 6 1s an exploded perspective view of caul plate
components of the system of FIG. 1;

FIG. 7 1s an exploded perspective view ol a mandrel
segment and caul plate handling mechanism component of
the system of FIG. 1;

FIG. 8 1s an exploded perspective view of a part segment
handling mechanism component of the system of FIG. 1;

FIG. 9 1s a perspective view of the tool component being,
assembled;

FIG. 10 1s a perspective view of the tool component being,
transported to an automated fiber placement machine com-
ponent of the system of FIG. 1;

FIG. 11 1s a perspective view ol the tool component
mounted on the automated fiber placement machine com-
ponent for fabrication of the part;

FIG. 12 1s a perspective view of the caul plate component
being secured over the part prior to curing;

FIG. 13 1s a perspective view of a part segment being
removed from the tool component following curing and
cutting of the part;

FIG. 14 1s a perspective ol the part segment being
trimmed and/or drilled;

FIG. 15 15 a perspective view of the part segment under-
going 1nspection of an inner mold line;

FIG. 16 1s a perspective view of the part segment under-
going nspection of an outer mold line;

FIG. 17 1s a perspective view of the part segment being
positioned for reassembly with other part segments to
reform the large composite structure;

FIG. 18 1s a flowchart of an embodiment of a method of
at least partially fabricating and curing a large composite
structure;

FIG. 19 1s a cutaway 1sometric view of a mounting system
which may be used with the tool component or a version
thereol to attach the mandrel segment to a substructure,
wherein portions of a facesheet of the mandrel segment are
shown cut away to reveal details underneath;

FIG. 20 1s a fragmentary exploded isometric view of an
attachment mechanism component of the mounting system;

FIG. 21 15 a fragmentary 1sometric view of the attachment
mechanism of FIG. 20;

FIG. 22 1s a fragmentary 1sometric view ol a configuration
of openings 1n an implementation of a directional type of the
attachment mechanism of FIG. 21; and

FIG. 23 1s a fragmentary 1sometric view ol a configuration
of openings in an implementation of a non-directional type
of the attachment mechanism of FIG. 21.

The figures are not intended to limit the present invention
to the specific embodiments they depict. The drawings are
not necessarily to scale.

DETAILED DESCRIPTION

The following detailed description of embodiments of the
invention references the accompanying figures. The embodi-
ments are intended to describe aspects of the invention in
suilicient detail to enable those with ordinary skill in the art
to practice the invention. Other embodiments may be uti-
lized and changes may be made without departing from the
scope of the claims. The following description 1s, therefore,
not limiting. The scope of the present invention 1s defined
only by the appended claims, along with the full scope of
equivalents to which such claims are entitled.

In this description, references to “one embodiment,” “an
embodiment,” or “embodiments” mean that the feature or
teatures referred to are included 1n at least one embodiment
of the invention. Separate references to “one embodiment,”
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“an embodiment,” or “embodiments™ 1n this description do
not necessarily refer to the same embodiment and are not
mutually exclusive unless so stated. Specifically, a feature,
component, action, step, etc. described 1n one embodiment
may also be included in other embodiments, but i1s not
necessarily included. Thus, particular implementations of
the present invention can include a variety of combinations
and/or integrations of the embodiments described herein.

Embodiments provide a system and method for fabricat-
ing large composite aircraft, aerospace, or other vehicle
tuselages, bodies, or other part structures, wherein the
composite part 1s at least partially fabricated and cured on a
tool, cut or otherwise segmented to facilitate removing 1t
from the tool, removed from the tool without disassembling
the tool, and then reassembled off the tool to reform the large
composite part. As used herein, a “large” part shall mean a
part which 1s, 1 various implementations, at least five
meters, or at least ten meters, or at least fifteen meters 1n at
least one dimension. For example, the large composite
structure may be a generally cylindrical aircraft fuselage
which 1s at least five meters 1n length along a longitudinal
axis.

An embodiment of such a system for fabricating a large
composite aircraft, aerospace, or other vehicle fuselage,
body, or other part may include a tool having a substructure
and one or more mandrel segments removably attachable to
the substructure. The substructure may be configured to
physically and operationally support the mandrel segments
during fabrication and curing of the part. The substructure
may have substantially any suitable design and shape as may
be desired or required for a particular application. In one
implementation, in which the part to be fabricated i1s a
generally cylindrical aircraft fuselage, the substructure may
be generally cylindrically shaped, while 1n other implemen-
tations, the substructure may be, for example, geometrically
or irregularly shaped. The substructure may be constructed
of substantially any suitable material, such as metal or
composite. In one implementation, the substructure may
include a hub extending along a longitudinal axis C through
the substructure, and first and second interface elements
coupled with opposite ends of the hub and configured to
allow for mounting the substructure on rotatable or fixed
and/or movable structures to facilitate the fabrication, cur-
ing, and/or removal of the part.

The mandrel segments may be configured to physical and
operationally support the part during fabrication and curing
of the part. The mandrel segments may have substantially
any suitable design and shape as may be desired or required
for a particular application. The mandrel segments may
include structure features configured to create corresponding
structure components in the fabricated part. In one 1mple-
mentation, there may a single mandrel segment, while in
other implementations, there may be any number of mandrel
segments (e.g., between two and ten, or between two and
four) as may be desired or required for a particular appli-
cation. In one implementation, the mandrel segments may be
substantially similar or even 1dentical, while 1 other imple-
mentations, one or more of the mandrel segments may differ
significantly 1n size and/or shape from the other mandrel
segments. In one implementation, 1n which the part to be
tabricated 1s a generally cylindrical aircraft fuselage, a single
mandrel segment may be generally cylindrically shaped,
while multiple mandrel segments may be generally curved
so as to it together on the substructure to form a generally
cylindrical shape.

The one or more mandrel segments may be constructed of
substantially any suitable material, such as composite such
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has bismaleimide or other high temperature resin and carbon
fiber, Kevlar, fiberglass, or other synthetic fibers. In one
implementation, the substructure and the mandrel segments
may be constructed of the same or relevantly similar mate-
rials and have significantly the same or the same expansion
and contraction characteristics and/or other relevant charac-
teristics, while 1n other implementations, they may be con-
structed of relevantly different materials and have different
expansion and contraction characteristics or other relevant
characteristics. For example, in one implementation, the
substructure may be constructed from steel having a rela-
tively high coeflicient of thermal expansion, and the mandrel
segments may be constructed from composite or an 1ron-
nickel alloy such as Invar having a relatively low coetlicient
of thermal expansion. In such a case, the mandrel segments
may be fixedly attached to the substructure at at least one
location and movably attached to the substructure at at least
one other location with slip joints or other movable attach-
ment mechamsms to allow the mandrel segments to “float™
on the substructure and thereby accommodate differential
expansion and contraction movement or other relative
movement of the mandrel segments and the substructure
(such as while being heated to cure the part).

In one implementation, the mandrel segments may be
provided with grooves to accommodate a cutting mechanism
to facilitate cutting the part along defined lines in order to
remove the part from the tool. In various implementations,
the part may be cut or otherwise segmented into untrimmed
segments prior to curing and/or cut or otherwise segmented
into trimmed segments after curing, while remaining on the
tool. In one implementation, the resulting part segments may
be reassembled off the tool by being butt-joined together,
while 1n other implementations, the mandrel segments may
be configured to shape the part segments to facilitate reas-
sembly. For example, the mandrel segments may be config-
ured to impart joggle structures or other joining structures to
create joining components which facilitate joining the part
segments together to reform the large composite part.

In one implementation, the system may further include
one or more caul plates configured to be positioned on the
tabricated part prior to curing to produce a smoother finish
for the cured part.

An embodiment of a method for fabricating the large
composite aircrait, aerospace, or other vehicle fuselage,
body, or other part may include the following steps. In one
implementation, the method may employ some or all of the
components of the above-described system. The tool may be
assembled by attaching the one or more mandrel segments
to the substructure. The part may be at least partially
tabricated as a single piece on the tool (using, e.g., auto-
mated fiber placement technology). If used, the one or more
caul plates may be secured (by, e.g., vacuum bagging) over
the fabricated part. In one implementation, the part may be
cut or otherwise segmented 1nto untrimmed segment prior to
curing. The part may be at least partially cured (by, e.g.,
autoclaving) on the tool. The at least partially fabricated and
cured part may be cut or otherwise segmented into a
plurality of trimmed part segments prior to removal from the
tool. The part segments may be removed from the tool
without disassembling the tool. The part segments may be
reassembled to reform the large composite part.

Referring to FIGS. 1-17, an example implementation of
the above-described system 40 1s shown adapted for fabri-
cating a large generally cylindrical composite fuselage part
42 for an aircraft, wherein the composite fuselage 1s at least
partially fabricated and cured on the tool 44, cut or otherwise
segmented to facilitate removing 1t from the tool 44 without
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disassembling the tool 44, removed from the tool 44, and
then reassembled off the tool 44 to reform the large com-
posite fuselage 42. The system 40 may include the tool 44,
first and second rotation support mechanmisms 48, one or
more fixed support mechanisms 50, one or one or more
guided vehicles 52, one or more mandrel segment and caul
plate handling mechanisms 54, one or more part segment
handling mechanisms 36, an automated fiber placement
machine 58, an uncured material cutting mechanism 59; a
curing mechanism 60, a cured material cutting mechanism
62, and a reassembly mechanism 64.

The tool 44 may be configured to physically and opera-
tionally support the part 42 during fabrication and curing. In
particular, the tool 44 may be moveable and positionable to
tacilitate fabricating the part 42 using the automated fiber
placement machine 38, and may be further moveable and
positionable, with the fabricated part 42 thereon, to facilitate
curing the part 42 using the curing mechanism 60. Referring
particularly to FIG. 3, the tool 44 may include a substructure
68, a central hub 70 and first and second interface rings
72,74 attached to opposite ends of the hub 70, one or more
mandrel segments 76 removably attachable to the substruc-
ture 68, and one or more caul plates 78.

The substructure 68 may be configured to physically and
operationally support the mandrel segments 76 during fab-
rication and curing of the part 42. The substructure 68 may
have substantially any suitable design and shape as may be
desired or required for a particular application. In this
example implementation, the part 42 to be fabricated 1s a
generally cylindrical aircrait fuselage, so the substructure 68
may also be generally cylindrically shaped or, at least,
otherwise elongated along the longitudinal axis C. The
substructure 68 may be constructed of substantially any
suitable material, such as metal or composite. In this
example implementation, the substructure 68 may be con-
structed of steel.

The central hub 70 may extend through the substructure
68 along the longitudinal axis C and may be configured to
physically and/or functionally cooperate with the interface
rings 72,74 to facilitate supporting and/or rotating the sub-
structure 68. In one implementation, the central hub 70 may
be configured to experience minimal deflection of approxi-
mately between 0.055 inches and 0.100 inches when loaded.
The first and second interface rings 72,74 may physically
and/or functionally cooperate with opposite ends of the
central hub 70 and may be configured to facilitate mounting
the substructure 68 on the rotating and/or fixed support
mechanisms 48,50 to facilitate fabricating, curing, and/or
removing the part 42.

The mandrel segments 76 may be configured to physical
and operationally support the part 42 during fabrication and
curing of the part 42. The mandrel segments 76 may have
substantially any suitable design and shape as may be
desired or required for a particular application. In this
example i1mplementation, the mandrel segments 76 may
include surface features 80 configured to create correspond-
ing components, such as stringers and/or other structural or
operational features, 1in the fabricated part 42.

In one implementation, there may a single mandrel seg-
ment 76, while 1n other implementations, there may be any
number of mandrel segments 76 (e.g., between two and ten,
or between two and four) as may be desired or required for
particular applications. In one implementation, the mandrel
segments 76 may be substantially similar or even identical,
while 1n other implementations, one or more of the mandrel
segments 76 may differ significantly in size and/or shape
from the other mandrel segments 76. In this example imple-
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mentation, there may between two and four, mandrel seg-
ments 76, which are substantially similar in size and/or
shape to each other, and which and are generally curved so
that, when they are attached to the substructure 68, they fit
together to form the generally cylindrical shape of the
fuselage part 42.

The one or more mandrel segments 76 may be constructed
of substantially any suitable material, such as a composite.
In one implementation, the mandrel segment composite may
include bismaleimide or other high temperature resin and
carbon fiber, Kevlar, fiberglass, or other synthetic fibers. In
one implementation, the substructure 68 and the mandrel
segments 76 may be constructed of the same or relevantly
similar materials and have the significantly the same or the
same expansion and contraction characteristics and/or other
relevant characteristics, while i other implementations,
they may be constructed of relevantly different materials and
have different expansion and contraction characteristics (1.¢.,
different coeflicients of thermal expansion) or other relevant
characteristics. In this example implementation, each man-
drel segment 76 may include a Pan board substructure and
a bismaleimide composite surface.

In one implementation, the substructure 68 and the man-
drel segments 76 may be constructed of the same or rel-
evantly similar materials and have the significantly the same
or the same expansion and contraction characteristics and/or
other relevant characteristics, while 1 other implementa-
tions, they may be constructed of relevantly different mate-
rials and have different expansion and contraction charac-
teristics or other relevant characteristics. In this example
implementation, the substructure 68 1s constructed from
steel having a relatively high coeflicient of thermal expan-
sion, and the mandrel segments 76 are constructed from
bismaleimide and graphite composite having a relatively
low coeflicient of thermal expansion. Thus, the mandrel
segments 76 may be fixedly attached to the substructure 68
at at least one location and movably attached to the sub-
structure 68 at at least one other location with slip joints or
other movable attachment mechanisms 82 to allow the
mandrel segments 76 to “float” on the substructure 68 and
thereby accommodate differential expansion and contraction
movement or other relative movement of the mandrel seg-
ments 76 and the substructure 68 (such as might occur
during curing).

Referring also to FIGS. 19-23, an embodiment of a
mounting system 281 1s shown configured to removably
mount the mandrel segment 276 onto the substructure 268.
The mandrel segment 276 and the substructure 268 are
physically distinct components which temporarily combine
to facilitate steps in the process of fabricating and curing a
large composite structure. As discussed, the material of the
mandrel segment 276 may have a different coeflicient of
thermal expansion than the material of the substructure 268.
The mounting system 281 may include two or more attach-
ment mechanisms 282 which allow the mandrel segment
276 to “float” on the substructure 268 and thereby accom-
modate movement due to diflerential expansion and con-
traction (such as might occur during curing) or other relative
movement of the mandrel segment 276 and the substructure
268.

Referring particularly to FIGS. 20 and 21, each attach-
ment mechanism 282 may broadly include a first opening
288 1n the substructure 268 or 1n a plate or other piece
welded, coupled, or otherwise physically associated or asso-
ciatable with the substructure 268, a second opening 290 1n
the mandrel segment 276 or 1n a plate or other piece coupled
or otherwise physically associated or associatable with the
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mandrel segment 276, and a bolt 292 extending through the
first and second opemings 288,290 and configured to secure
the mandrel segment 276 to the substructure 268.

At least one of the attachment mechanisms 282A may be
of a fixed type which provides a fixed point at which the
mandrel segment 276 and the substructure 268 do not move
relative to each other. For this fixed type of the attachment
mechanism 282A, the first and second openings 288,290
may be approximately identical 1n size.

At least one of the attachment mechanisms 282B may be
of a directional type which allows relative movement along
a line 1n a direction (e.g., along an X or Y axis) between the
mandrel segment 276 and the substructure 268. As shown in
FIG. 22, for this directional type of the attachment mecha-
nism 268B, at least one of the first and second openings
288,290 may be elongated along the line in the direction. In
one 1mplementation, the mounting system 281 may 1nclude
a plurality of the directional type attachment mechanisms
2828, wherein some may allow relative movement 1n a first
direction (e.g., along the X axis) and some may allow
relative movement in a second direction (e.g., along a Y
axis).

At least one of the attachment mechanisms 282C may be
of a non-directional type which allows relative movement on
a plane 1 any direction between the mandrel segment 276
and the substructure 268. As shown in FIG. 23, for this
non-directional type of the attachment mechanism 282C, at
least one of the first and second openings 288,290 may be
oversized. In one implementation, the mounting system 281
may include a plurality of the non-directional type attach-
ment mechanisms 282C.

In various mmplementations, the mounting system 281
may include at least one fixed type attachment mechanism
282A and at least one non-directional type attachment
mechanism 282C; at least one fixed, at least one directional,
and at least one non-directional type attachment mechanisms
282A,282B,282C; or at least one fixed type attachment
mechanism 282A, at least two directional type attachment
mechanisms 282B oriented 1n different directions, and at
least two nondirectional type attachment mechanisms 282C.
In one implementation, the directional and non-directional
attachment mechanisms 282B,282C may be oriented such
that the allowed relative movements are all co-planar.

In one 1implementation, each attachment mechanism 282
may include a first surface 294 welded to or otherwise
physically associated with the substructure 268, wherein the
first opeming 288 extends through the first surface 294; a
second surface 296 attachable to or otherwise physically
associatable with the mandrel segment 276, wherein the
second opening 290 extends through the second surface 296;
and a bushing 298 and a washer 300 which fit over the bolt
292. The first and second surfaces 294,296 may be plates
made of steel or other metal. The bushing 298 may include
a sleeve 302 and a flange 304, and may be configured to {it
over the bolt 292 such that the sleeve 302 extends into the
first and second openings 288,290 while the flange 304
remains above the second surface 296. The washer 300 may
be configured to fit over the bolt 292 between the second
surface 296 and the flange 304 of the bushing 298. In one
implementation, the washer 300 may be constructed of a
metal or other material which 1s dissimilar to the metal or
other material of the second surface 296 so as to minimize
galling and binding when the washer 300 moves against the
second surface 296. In one implementation, the washer 300
may be configured to maintain a space of approximately
between three thousandths of an inch and twelve thou-
sandths of an inch, or approximately between five thou-
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sandths of an inch and ten thousandths of an inch, between
the washer 300 and the flange of the bushing 298 to facilitate
the relative movement between the mandrel segment 276
and the substructure 268.

In operation, the second surface 296 may be coupled with
(by, e.g., bolts) or otherwise physically associated with the
mandrel segment 276; the first and second surfaces 294,296
may be brought together such that the first and second
openings 288,290 are aligned; the bolt 292 may be inserted
through the first and second openings 288,290 and the
washer 300 and bushing 298 may be applied over the bolt
292; and the bolt 292 may be tightened to secure the mandrel
segment 276 to the substructure 268 (with, e.g., a nut 306).
Thereatter, the directional type of attachment mechanisms
282B and the non-directional type of attachment mecha-
nisms 282C may allow the mandrel segment 276 and the
substructure 268 to move relative to each other due to, e.g.,
differential thermal expansion.

In one implementation, the mandrel segments 76 may be
provided with grooves 84 to accommodate the uncured
and/or cured material cutting mechanisms 59,62 to facilitate
cutting the part 42 along defined lines 1n a plurality of part
segments 86. In one implementation, the part segments 86
may reassembled by being butt-joined together. In other
implementations, the mandrel segments 76 may be config-
ured to shape the part segments 86 to facilitate reassembly.
For example, the mandrel segments 76 may be configured to
impart joggle structures or other joining structures to enable
lap-splicing and/or otherwise joining the part segments 86
together to reform the large composite part 42.

Referring particularly to FIG. 6, the one or more caul
plates 78 may be configured to be positioned over the
fabricated part 42 on the mandrel segments 76 and to
provide a smoother finish to the cured part 42. In this
example implementation, the caul plates 78 may be secured
in position by vacuum bagging. In one implementation, each
caul plate 78 may be constructed of bismaleimide composite
and may have a thickness of approximately between one-
sixteenth inch and one-half inch, or between one-sixteenth
inch and one-quarter inch, or one-eighth inch.

Referring particularly to FIGS. 4 and 5, the first and
second rotation support mechanisms 48 may be configured
to engage and cooperate with the first and second interface
rings 72,74 to allow for rotating the tool 44 approximately
between one degree and three hundred and sixty degrees, or
between one degree and one hundred and eighty degrees,
during fabrication, curing, and or removal of the part 42. In
one 1mplementation, the rotation support mechanisms 48
may be further configured to engage and cooperate with the
first and second interface rings 72,74 to allow for lifting the
tool 44 approximately between one inch and thirty-six
inches, or between one inch and twenty-eight inches, or
between one inch and twenty inches. In various implemen-
tations, the first and second rotation support mechanisms 48
may be separate units or may be connected together.

The one or more fixed support mechanisms 50 may be
configured to receive and physically support the tool 44
during various processes, including recerving and physically
supporting the tool 44 and the fabricated part 42 thereon
during the curing process. In one implementation, the fixed
support mechanisms 50 may engage and cooperate with the
first and second interface rings 72,74 to support the tool 44.
In one implementation, the fixed support mechanisms 50
may be further configured to engage and cooperate with the
first and second interface rings 72,74 to allow for lifting the
tool 44 approximately between one inch and thirty-six
inches, or between one inch and twenty-eight inches, or
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between one inch and twenty inches. In various implemen-
tations, the first and second fixed support mechanisms 50
may be separate units or may be connected together.

The one or more guided vehicles 52 may be configured to
be positioned under or otherwise receive or engage the
rotation and/or fixed support mechanisms 48,50 and facili-
tate moving the support mechamsms 48,50 and the tool 44
supported thereon to and from, e.g., the automated fiber
placement machine 58 and/or curing mechanism 60. In one
implementation, the guided vehicles 52 may be manually
guided, while 1n another implementation, the guided
vehicles 52 may be computer guided.

Referring particularly to FIG. 7, the one or more mandrel
segment and caul plate handling mechanisms 54 may be
configured to facilitate lifting and positioning the mandrel
segments 76 and attaching the mandrel segments 76 to the
substructure 68, to facilitate removing the mandrel segments
76 from the substructure 68, to facilitate lifting and posi-
tioming the caul plates 78 and securing the caul plates 78 (by,
¢.g., vacuum bagging) over the fabricated part 42 prior to
curing, and to facilitate removing the caul plates 78 follow-
ing curing. Referring particularly to FIG. 8, the one or more
part segment handling mechanisms 56 may be configured to
tacilitate lifting and removing the part segments 86 from the
tool 44 following fabrication, curing, and segmentation of
the part 42. In various implementations, the part segment
handling mechamisms 56 may include edge wedges and
clamps to {facilitate removal and securement of the part
segment 86 from the mandrel segment 76, headers and
clamps configured to facilitate removal and securement of
the part segment 86 from the mandrel segment 76, and
vacuum cups configured to facilitate securing the part seg-
ment 86. Each of the various handling mechanisms 54,56
may be movably positionable or fixedly positioned above,
below, or beside the tool 44, as desired or required by a
particular application. Each of the handling mechanisms
54,56 may employ vacuum or non-vacuum technologies for
engaging the mandrel segment 76, caul plate 78, and/or part
segment 86.

The automated fiber placement machine 38 may be con-
figured to apply a composite material comprising resin and
synthetic fibers onto the one or more mandrel segments 76
to fabricate the large composite part 42 as a single piece on
the tool 44. The uncured material cutting mechanism 59 may
be configured to cut or otherwise segment the fabricated
single piece on the tool 44 1nto a plurality of untrimmed part
segments 83 prior to curing. The autoclave or other curing
mechanism 60 may be configured to cure the composite
material on the one or more mandrel segments 76 to cure the
large composite part 42 on the tool 44. The cured material
cutting mechanism 62 may be configured to cut or otherwise
segment the fabricated and cured part 42 on the tool 44 1nto
the plurality of trimmed part segments 86 which may then be
removed from the tool 44 without disassembling the tool 44.
In various implementations, the cutting mechanism 62 may
include drills, punches, knives, saws, and/or discs. The
reassembly mechanism 64 may be configured to joining the
plurality of trimmed part segments 86 so as to reform the
large composite part 42 into a single piece ofl the tool 44. In
one 1mplementation, the reassembly mechanism 64 may
include a fastener gun and the fasteners may include nivets,
interference-fit fasteners, and/or bolts.

Referring to FIGS. 9-18, an example implementation of
the above-described method 140 1s shown adapted for
tabricating the large, generally cylindrical composite fuse-
lage part 42, wherein the composite fuselage 42 1s at least
partially fabricated and cured on the tool 44, cut or otherwise
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segmented into the plurality of part segments 86 to facilitate
removing 1t from the tool 44 without disassembling the tool
44, removed from the tool 44, and then reassembled off the
tool 44 to reform the large composite tuselage part 42. In one
implementation, the method 140 may employ some or all of
the components of the above-described example system 40.

The tool 44 may be assembled by attaching the one or
more mandrel segments 76 to the substructure 68, as shown
in 142. In one implementation, the tool 44 may be mounted
on the rotatable or fixed support mechanisms 48,50, as
shown 1n 144, and rotated or fixedly supported as desired or
required, as shown 1n 146 and FIG. 9.

The part 42 may be at least partially fabricated as a single
piece on the tool 44, as shown 1n 148. In one implementa-
tion, the fabrication process may include installing and
compacting stringer charges to form stringers on the part 42,
installing and inflating bladders to form the stringers or other
structural components, and installing and compacting 1nner
mold line plies, while rotating the tool 44 as desired or
needed for better access. The guide vehicles 52 may then
transport the tool 44 to the automated fiber placement
machine 58, as shown in FIG. 10. The automated fiber
placement machine 58 may receive the tool 44, such as by
engaging the interface rings 72,74, and the rotatable or fixed
support mechanisms 48,50 and guided vehicles 52 may be
removed. The automated fiber placement machine 58 may
wrap the entire tool 44 or may wrap each mandrel segment
76 individually and apply connecting straps between 1ndi-
vidual mandrel segments 76, as shown 1n 150 and FIG. 11.
When {fabrication 1s complete, the tool 44 may then be
disengaged from the automated fiber placement machine 58,
remounted on the rotatable or fixed support mechanisms
48,50 and guided vehicles 50, and transported to the caul
plate handling mechanisms 34.

The one or more caul plates 78 may be secured (by, e.g.,
vacuum bagging) over the fabricated part 42, as shown in
152 and F1G. 12. In one implementation, the large composite
part may be cut or otherwise segmented with the uncured
material cutting mechanism 39 into the plurality of
untrimmed part segments 85 prior to the curing process, as
shown 1 153. In one implementation, the tool 44, with the
caul plates installed 78, may be transported to the curing
mechanism 60 for curing. The fabricated part 42 may be at
least partially cured by the curing mechanism 60 on the tool
44, as shown 1 154. In one implementation, following
curing, the tool 44 may be moved to the caul plate handling
mechanism 34 and the caul plates 78 may be removed.

The at least partially fabricated and cured part 42 may be
cut or otherwise segmented by the cutting mechanism 62
into the plurality of trnmmed part segments 86 prior to
removal from the tool 44, as shown 1n 156. The trimmed part
segments 86 may be removed from the tool 44 by the part
segment handling mechanism 56 without disassembling the
tool 44, as shown 1n 158 and FIG. 13. In one implementa-
tion, the part segments 86 may be further trimmed and/or
drilled prior to removal from the tool 44. The part segments
86 may be reassembled ofl the tool 44 to reform the single
piece large composite fuselage 42, as shown 1n 160 and FIG.
17. In one implementation, this may include further trim-
ming and/or drilling and/or non-destructive inspection of the
part segments 86 prior to, during, and or after reassembly, as
shown 1 162 and FIGS. 14-16. Non-destructive mspection
may be performed for, e.g., inner mold line, outer mold
lines, and/or stringers or other structural components.

Although the invention has been described with reference
to the one or more embodiments illustrated 1n the figures, 1t
1s understood that equivalents may be employed and sub-
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stitutions made herein without departing from the scope of
the 1nvention as recited 1n the claims.

Having thus described one or more embodiments of the
invention, what 1s claimed as new and desired to be pro-
tected by Letters Patent includes the following:

The invention claimed 1s:

1. A tool for supporting a large composite part during a
tabrication process and a curing process, the tool compris-
ng:

a substructure and a mandrel segment removably attached to
the substructure and providing a surface on which the large
composite part 1s fabricated and cured, wherein the sub-
structure 1s constructed of a first material having a first
coellicient of thermal expansion and the mandrel segment 1s
constructed of a second material having a second coetlicient
of thermal expansion which 1s different from the first coet-
ficient of thermal expansion;

a first attachment mechanism attaching the mandrel segment
to the substructure at a first location and not allowing
relative movement between the mandrel segment and the
substructure at the first location; and

a second attachment mechanism attaching the mandrel seg-
ment to the substructure at a second location and allowing,
relative movement 1n at least one direction due to differential
thermal expansion between the mandrel segment and the
substructure at the second location.

2. The tool of claim 1, wherein the large composite part
has a length of at least five meters and 1s part of an aircraft
fuselage.

3. The tool of claim 1, the second attachment mechanism
comprising an elongated opening which 1s oriented along a
line m a first direction and which allows the relative move-
ment along the line 1 the first direction due to the differ-
ential thermal expansion between the mandrel segment and
the substructure at the second location.

4. The tool of claim 1, the second attachment mechanism
comprising an oversized opening which allows the relative
movement on a plane in any direction due to the differential
thermal expansion between the mandrel segment and the
substructure at the second location.

5. The tool of claim 1, the second attachment mechanism
comprising an elongated opening which 1s oriented along a
line 1n a first direction and which allows the relative move-
ment along the line in the first direction, and the tool further
comprising a third attachment mechanism attaching the
mandrel segment to the substructure at a third location and
comprising an oversized opening which allows the relative
movement on a plane i any direction due to the differential
thermal expansion between the mandrel segment and the
substructure at the third location.

6. The tool of claim 1, further comprising:

a center hub extending through a longitudinal axis of the
substructure:

a first interface element coupled with a first end of the center
hub and a second interface element coupled with a second
end of the center hub; and

a rotation mechanism coupled with the first and second
interface elements and allowing the tool to be rotated about
the longitudinal axis.

7. A tool for supporting a large composite part during a
tabrication process and a curing process, the tool compris-
ng:

a substructure and a mandrel segment removably attached to
the substructure and providing a surface on which the large
composite part 1s fabricated and cured, wherein the sub-
structure 1s constructed of a first material having a first
coellicient of thermal expansion and the mandrel segment 1s
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constructed of a second material having a second coe
of thermal expansion which 1s lower than the first coe
of thermal expansion; and

a plurality of attachment mechanisms attaching the mandrel
segment to the substructure, each attachment mechanism
comprising a {irst opening associated with the substructure,
a second opening associated with the mandrel segment, and
a bolt extending through the first and second openings and
removably securing the mandrel segment to the substruc-
ture, the plurality of attachment mechanisms comprising;

a first attachment mechanism attaching the mandrel seg-

ment to the substructure at a first location, wherein the
first and second openings of the first attachment mecha-
nism are a same size and a same shape such that the first
attachment mechanism does not allow relative move-
ment between the mandrel segment and the substruc-
ture at the first location, and

a second attachment mechanism attaching the mandrel

segment to the substructure at a second location and
allowing relative movement 1n at least one direction
due to differential thermal expansion between the man-
drel segment and the substructure at the second loca-
tion.

8. The tool of claim 7, wherein at least one of the first and
second openings ol the second attachment mechanism 1s
clongated along a line 1n a first direction such that the second
attachment mechanism allows the relative movement along
the line 1n the first direction.

9. The tool of claim 7, wherein at least one of the first and
second openings of the second attachment mechanism 1s
larger than the other such that the second attachment mecha-
nism allows the relative movement on a plane 1 any
direction.

10. The tool of claam 7, the plurality of attachment
mechanisms further comprising a third attachment mecha-
nism attaching the mandrel segment to the substructure at a
third location and allowing relative movement along a line
in at least one direction due to differential thermal expansion
between the mandrel segment and the substructure at the
third location.

11. The tool of claim 10, wherein at least the second and
third attachment mechanisms are oriented such that the
relative movements at the second and third locations are
co-planar.

12. The tool of claim 7, each attachment mechanism
further comprising:

a first surface physically associated with the substructure,
wherein the first opeming extends through the first surface;
a second surface physically associated with the mandrel
segment, wherein the second opening extends through the
second surface; and

a bushing and a washer fitted over the bolt.

13. The tool of claim 12, the bushing comprising a sleeve
and a flange, and the bushing 1s fitted over the bolt such that
the sleeve extends into the first and second openings and the
flange remains above the second surtace.

14. The tool of claim 12, wherein the washer 1s fitted over
the bolt and between the second surface and the flange of the
bushing, and the washer maintains a space of between three
thousandths of an inch and twelve thousandths of an inch
between the washer and the tlange of the bushing to facilitate
the relative movement of the mandrel segment and the sub
structure.

15. The tool of claim 7, further comprising:

a center hub extending through a longitudinal axis of the
substructure:

1cient
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a first interface element coupled with a first end of the center
hub and a second interface element coupled with a second
end of the center hub; and

a rotation mechanism coupled with the first and second
interface elements and allowing the tool to be rotated about
the longitudinal axis.

16. A tool for supporting a large composite part during a
fabrication process and a curing process, the tool compris-
ng:

a substructure and a mandrel segment removably attached to
the substructure and providing a surface on which the large
composite part 1s fabricated and cured, wherein the sub-
structure 1s constructed of a first material having a first
coellicient of thermal expansion and the mandrel segment 1s

constructed of a second material having a second coetflicient
of thermal expansion which 1s lower than the first coetlicient
of thermal expansion; and

a plurality of attachment mechanisms attaching the mandrel
segment to the substructure, with each attachment mecha-
nism comprising a first opeming associated with the sub-
structure, a second opening associated with the mandrel
segment, and a bolt extending through the first and second
openings and removably securing the mandrel segment to
the substructure, the plurality of attachment mechanisms
comprising;

a first attachment mechanism attaching the mandrel seg-
ment to the substructure at a first location, wherein the
first and second openings of the first attachment mecha-
nism are a same size and a same shape such that the first
attachment mechanism does not allow relative move-
ment between the mandrel segment and the substruc-
ture at the first location,

a second attachment mechanism attaching the mandrel
segment to the substructure at a second location and
allowing relative movement along a line 1n a particular
direction due to differential thermal expansion between
the mandrel segment and the substructure at the second
location, and

a third attachment mechanism attaching the mandrel
segment to the substructure at a third location and
allowing relative movement on a plane 1n any direction

10

15

20

25

30

35

40

16

due to differential thermal expansion between the man-
drel segment and the substructure at the third location,

wherein at least the second and third attachment mecha-
nisms are oriented such that the relative movements at
the second and third locations are co-planar.

17. The tool of claim 16, wherein at least one of the first
and second openings of the second attachment mechanism 1s
clongated along the line 1n the particular direction such that
the second attachment mechanism allows the relative move-
ment along the line 1n the particular direction.

18. The tool of claim 16, wherein at least one of the first
and second openings of the third attachment mechanism 1s
larger than the other such that the third attachment mecha-
nism allows the relative movement on the plane in any
direction.

19. The tool of claim 16, each attachment mechanism
further comprising:

a first surface physically associated with the substructure,
wherein the first opeming extends through the first surface;
a second surface physically associated with the mandrel
segment, wherein the second opening extends through the
second surtace;

a bushing fitted over the bolt, the bushing comprising a
sleeve and a flange and fitted over the bolt such that the
sleeve extends into the first and second openings and the
flange remains above the second surface; and

a washer fitted over the bolt and between the second surface
and the flange of the bushing, the washer maintaining a
space ol between three thousandths of an inch and twelve
thousandths of an inch between the washer and the flange of
the bushing to facilitate the relative movement of the man-
drel segment and the substructure.

20. The tool of claim 16, further comprising;

a center hub extending through a longitudinal axis of the
substructure;

a first interface element coupled with a first end of the center
hub and a second interface element coupled with a second
end of the center hub; and

a rotation mechanism coupled with the first and second
interface elements and allowing the tool to be rotated about

the longitudinal axis.
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